The migration patterns of phytoplankton through time and depth were measured in the Darling River at Trevallyn, New South Wales, Australia during a bloom of Anabaena circinalis. Anabaena circinalis was able to disentrain and maintain position within surface waters during the early morning, coinciding with the diel period of least wind speeds and a state of no detectable thermocline (0.1°C detection limit). Anabaena circinalis concentrations were up to 10 times higher in the surface waters than in the bottom waters during the morning sampling periods. Afternoon and midnight sampling periods revealed either a small amount of surface accumulation or none. All other phytoplankton were found to have a relatively even distribution throughout the water column at all time periods measured (except Aulacoseira on one occasion). These vertical distribution data were used to determine the potential benefit buoyant A.circinalis could gain over an evenly distributed population using a quan
competitive growth rates due to the colonial habitat diminishing antenanal efficiency in comparison with many chlorophytes and diatoms (Reynolds, 1994) .
The diel movements of cyanobacteria have been examined in some lakes (Walsby and McAllister, 1987; Walsby et al., 1989; Ibelings et al., 1991) . However, there appear to be no such studies for turbid freshwater rivers in the literature. The following quantification describes the potential advantage gained by A. circinalis in a shallow, turbid, freshwater river. The investigation uses the procedure of Walsby et al. in calculating, by numerical integration, the daily integral of photosynthesis of an Anabaena population from its observed distribution, telescoped towards the surface. This is compared with the daily integral calculated for a non-buoyant population distributed uniformly with depth to quantify the advantage to the floating population from obtaining more light.
M E T H O D
This investigation was performed in the Darling River at Trevallyn, New South Wales, Australia ( Figure 1 ) during a period of A. circinalis growth between November 16 and 19, 1997. The section of river is largely unregulated with natural ponding; however, weirs both upstream and downstream of the site are used to safeguard water supplies for towns and irrigation during low flows. Hydrographic data were available from sites upstream and are presented as mean daily flow.
Discrete water samples for algal enumeration and chlorophyll a were taken at depths of 0, 0.5, 1 and 2 m using a horizontal trap sampler from a boat anchored midstream. Sampling was performed three times per day, in the early morning (06:00 to 07:00 h), mid afternoon (15:00 to 17:00 h) and around midnight. Samples were decanted from the horizontal trap sampler into a sample bottle, preserved with Lugol's solution, and subsequently counted using a calibrated Lund cell and compound microscope after concentration by sedimentation in a measuring cylinder. Phytoplankton were identified to genus level using the keys of Prescott (Prescott, 1978) , except for the cyanobacterium, Anabaena, which was identified to species level (Baker, 1990) . For dominant cyanobacteria, counts were performed to provide a precision of ±20% for the major taxa (100 colonies or trichomes enumerated) using the formula described by Jones ( Jones, 1997) . Dominant non-cyanobacterial phytoplankton were also enumerated to a precision of ±20% (50 cells counted) as described by Hotzel and Croome (Hotzel and Croome, 1999) .
Samples for nutrient analysis were collected midstream from 25 cm below the water surface and frozen until analysis in the laboratory within 48 h by standard methods (Anon, 1995) . Unfiltered samples were analysed for total phosphorus and total nitrogen. Samples filtered to pore size 0.45 µm were analysed for reactive phosphorus, silica, oxidized nitrogen and ammoniacal nitrogen. Samples for turbidity measurement were stored at 4ºC until laboratory analysis using a calibrated HACH nephelometer. Samples for chlorophyll a analysis were removed and kept at 4ºC until filtration (within 24 h) onto GFC filters, using a pre-washed Millipore filtration unit, and then frozen. Chlorophyll a was determined by standard methods (Anon, 1995) using the grinding technique and acetone as a solute.
Water temperature and dissolved oxygen were measured in situ using a calibrated Yeokal Electronics Pty Ltd 603 temperature/dissolved oxygen meter. Surface pH and conductivity were recorded using a calibrated TPS digital pH meter and conductivity meter. Water transparency was measured using a white 20 cm diameter Secchi disk lowered on the unshaded side of a boat. Light penetration and euphotic depth were determined using a Licor LI-185B quantameter coupled to an underwater quantum sensor and reference sensor in air. Measurements of downwelling and upwelling irradiance were recorded at 0.1 m intervals down the water column. Z eu was determined as 1% of I o . A continuously-recording thermistor chain was placed in the river to record water temperature at approximately 50 cm depth intervals every half hour. These data were down-loaded from the data loggers (HOBO™ temperature sensor data loggers in submersible containers) after sampling.
Using the spreadsheet method of Walsby (Walsby, 1997) , the quantification of the advantage gained through buoyancy was determined for A. circinalis. The method utilized was similar to that described by Walsby et al. ; the only alteration was in situ primary production measurements rather than the use of a ship-board illuminated chamber. Over the course of sampling, the vertical distribution of phytoplankton cell numbers (including cyanobacteria) and chlorophyll a was determined as previously described. The A. circinalis cell concentration was converted to chlorophyll a concentrations at each depth after establishing a relationship between chlorophyll a and A. circinalis cell concentration (r 2 = 0.99).
Over the course of the study, regular measurements (5 min intervals) of irradiance and wind speed were recorded with data loggers. The rate of photosynthesis (O 2 production) was determined in situ by developing a photosynthesis-irradiance (P-I) curve for the A. circinalis population. Known cell and chlorophyll a concentrations of A. circinalis were incubated at 14 depths (approximately 0.2 m intervals) within the river for a period of 2 h (11:00 to 13:00 h). Initial and final light and dark bottle dissolved oxygen concentrations were determined for each depth using a calibrated, thin, probed, WTW dissolved oxygen meter (0.01 mg l -1 precision). The underwater light climate was measured at the beginning and end of the incubation. From this, chlorophyll-specific oxygen production rates were determined.
The daily integrals of photosynthesis were calculated by numerical analysis, calculating algal concentrations at 0.1 m depth and 5 min time intervals by interpolation between actual measurements at sample depths and sample times. The photon irradiance, I ot , immediately below the water surface was calculated from abovesurface measurements of irradiance, made at 5 min intervals, with corrections for surface roughening due to wind speed. The photon irradiance, I zt , at 0.1 m depth intervals was calculated from the values of I ot and the vertical attenuation coefficient, k, calculated for the day using the expression (I zt = I ot e -kz ). By substituting the values of I zt for I in an equation relating the measurements of photosynthesis to irradiance, P = P m (1 -exp(-␣I/P m ) + R + ␤I) (see Figure 8 for definition of variables), potential photosynthesis could be calculated for each depth in the water column, z, and for each time, t, during the day. Summing all the values at all time intervals over the day then gave the daily integral of photosynthesis at each depth, in terms of chlorophyll-specific rate of O 2 production (in mmol mg -1 ). Multiplying each value by the chlorophyll concentrations at each depth calculated through the day gave the integral of phytoplankton photosynthesis. Summing the integrals at each depth interval then gave the integral of photosynthesis in the water column per unit area of water (mmol m -2 day -1 ).
R E S U LT S A N D D I S C U S S I O N
The phytoplankton population during the study in November 1997 was dominated by the cyanobacterium A. circinalis. Flow prior to the time of the study was decreasing and low, at less than 4 ϫ 10 5 m 3 day -1 (400 ML day -1 ), but this increased slightly during and after the study (Figure 2 ). Water clarity had increased, with turbidity at 86 NTU and Secchi depth at 30 cm. Mean turbidity for the site has been reported to be much higher, at 274 NTU (Mitrovic and Gordon, 1998) . The euphotic depth (Z eu ) was 1.0 m and the water depth was 2-2.5 m, indicating that phytoplankton mixed throughout the entire water column would be in the euphotic zone for around 30-50% of the time. The improved light climate allowed non-cyanobacterial phytoplankton to increase in number to between 10 000 and 20 000 cells ml -1 . Mean noncyanobacterial concentrations for the site are around 1000 cells ml -1 (Mitrovic and Gordon, 1998) . Phosphorus concentrations (total phosphorus 159 µg l -1 , soluble reactive phosphorus 60 µg l -1 ) were well above those required to sustain algal growth (Steinberg and Hartmann, 1988) , and a large percentage of this would have been available for algal growth (Hart et al., 1995) . Total nitrogen concentrations were above 700 µg l -1 , with NO x -N at 10 µg l -1 and NH 4 -N at 20 µg l -1 . In the clearer and warmer water, the species that predominated, apart from Anabaena, included the diatoms Aulacoseira sp. and Nitzschia sp. as well as the chlorophytes Actinastrum sp. and Ankistrodesmus sp. The only common flagellate was Rhodomonas sp., occurring at concentrations of between 200 and 500 cells ml -1 . Diel thermal stratification occurred at Trevallyn, with the water column stratifying during the day and mixing during the night (Figure 3) . Mixing of the water column was also likely to be influenced by increased wind speeds associated with a cool front and a slight increase in flow. Figure 6 shows wind speeds, air temperature and irradiance throughout the study. Air temperature fluctuated between 15 and 30°C, and measurements of irradiance show the effects of cloud cover. Figure 4 shows the distribution of A. circinalis with respect to time and depth for the Darling River at Trevallyn between November 16 and November 18. Anabaena circinalis concentrations were up to 10-fold higher in the surface waters than in the bottom waters during the morning sampling. Afternoon and midnight sampling revealed either a small amount or no net surface accumulation. Chlorophyll a concentrations were also higher in the surface waters in the morning samples. However, they were relatively even throughout the other sampling times ( Figure 5 ). Migration of cyanobacteria to surface waters has previously been reported in lakes and has been attributed to turgor-mediated buoyancy regulation (Reynolds, 1987) . It is likely that this, combined with reduced wind mixing of the water column in the early morning period due to lower wind speeds (Figure 6 ), allowed disentrainment by Anabaena. The mixing effects of higher wind speeds, which had increased by midday and stayed higher until the evening, were probably the main factors driving the distribution of A. circinalis in the water column. Cool fronts have previously been reported as being able to contribute to the mixing of a strongly-stratified water column in a turbid river (Sherman et al., 1998) , and wind velocities as low as 3 m s -1 can disperse surface accumulations of cyanobacteria (Webster and Hutchinson, 1994) . The morning disentrainment of A. circinalis to surface waters occurred at the point of weakest thermal stratification; however, this was also the point of least wind-aided mixing. A simple estimate of colony flotation speed was made by determining scum formation time in a measuring cylinder. Using this measure, a flotation speed of 0.15 m h -1 was determined, similar to speeds of 0.2 m h -1 reported by Reynolds (Reynolds, 1972) for Anabaena species.
The profiles of non-cyanobacterial phytoplankton distribution generally showed no surface or bottom disentrainment (Figure 7) . On one occasion, higher concentrations of Aulacoseira were found in surface waters at midnight but in general, distribution was fairly uniform. Although Anabaena could utilize buoyancy to overcome mixing forces in the early morning and disentrain to surface waters, the profiles for non-buoyant phytoplankton indicated that these algae could not.
Calculation of the daily integrals of photosynthesis was based on a photosynthesis-irradiance curve determined in situ for Anabaena. The maximum photosynthetic rate was 250 µmol O 2 (mg chl) -1 h -1 , with some inhibition at JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Fig. 2 . Mean Daily Flow (ML day -1 ) for the Darling River at Trevallyn, before, during and after the study. irradiances above 1000 µmol m -2 s -1 . The P/I curve and the equation fitted are shown in Figure 8 . The daily integral of A. circinalis photosynthesis through depth and time over a 24 h period of the study is calculated from the data in Figure 9 . The figure shows the photosynthetic rate (µmol O 2 m -3 h -1 ) against time of day and depth in the water column. Net photosynthesis only occurred during periods of illumination and mostly within the top 0.7 m of the water column. The lack of smoothness in the curve through time reflects the changing irradiance due to cloud cover. Maximal photosynthesis was achieved early in the morning (07:00-11:00 h) at the point of highest surface Anabaena concentrations, not at the point of highest irradiance. For the buoyant A.circinalis population at Trevallyn, net photosynthesis equalled 3.63 mol m -2 for the 24 h period and a total of 3.81 mol m -2 for the dawn to dusk period. This indicates a slight loss of 4.8% to respiration over a 24 h period. Figure 10 shows the photosynthetic rate for an Anabaena population with a uniform vertical distribution in the water column and the same overall chlorophyll a concentration, with all other factors the same as for the buoyant population. Photosynthetic oxygen production rates are much lower for the evenly distributed Anabaena population, with maximum rates reaching less than a fifth of that of the buoyant population. The daily integral of photosynthesis calculated for the evenly dispersed population had a net photosynthesis of 0.707 mol m -2 or about 20% of the buoyant field population. A total of 1.003 mol m -2 was produced for the dawn to dusk period, again much lower than that for the buoyant population. The losses due to respiration (included in the daily integral calcualtions) are considerably greater (29.5%) compared with those of the buoyant population (4.8%). The greater loss results from the greater amount of time the cyanobacteria spend outside the euphotic zone. Buoyant cyanobacteria spend a greater period of time and have higher concentrations in surface waters, minimizing growth losses.
S. M. MITROVIC, L. C. BOWLING AND R. T. BUCKNEY VERTICAL DISENTRAINMENT OF
Phytoplankton entrained in a mixed water column have JOURNAL OF PLANKTON RESEARCH VOLUME  NUMBER  PAGES -   Fig. 7 . Non-cyanobacterial phytoplankton concentrations (cell ml -1 ) with respect to time and depth for the Darling River at Trevallyn over 16-18 November 1997. Fig. 8 . Photosynthesis-irradiance curve for Anabaena circinalis from an in situ 2 h incubation in the Darling River at Trevallyn performed on 17 November 1997. P = chlorophyll-specific photosynthetic oxygen production in µmol mg -1 h -1 , I = irradiance, P m = maximum photosynthetic rate, R = rate of respiratory oxygen production, ␣ = the gradient of P/I observed at light limiting irradiances, and ␤ = the gradient due to photoinhibition at high irradiances. an approximately even distribution throughout the water column and therefore, a similar concentration within and outside the euphotic zone under moderate mixing conditions. As cells are evenly distributed throughout the euphotic zone, production deeper in the euphotic zone can be greater than that for surface-accumulated phytoplankton (where most cells are concentrated in the surface waters). Although photosynthesis is greater in the deeper waters of the euphotic zone when the population is evenly distributed, overall production is much greater in the buoyant (surface-concentrated) population, even considering photoinhibition effects. The potential gains in growth to cyanobacteria were determined by Walsby et al. (Walsby et al., 1997) to be a threefold increase in photosynthesis for the cyanobacterium Aphanizomenon flos-aquae in the Baltic Sea, after floating up following a deep mixing event. The greater advantage determined in this study may be due to the ability of Anabaena to more easily access high surface irradiance due to the shallowness of the river, relative to the Baltic Sea. The diel movements of cyanobacteria in lakes have been recorded (Ibelings et al., 1991; Tadonleke et al., 1998) , and several authors have developed models of cyanobacterial migration (Howard, 1997; Visser et al., 1997) . However, there are no such studies for cyanobacterial diel migrations in turbid rivers. The potential advantages of buoyancy for cyanobacteria under conditions of higher water column stability have been reported on several occasions (Reynolds and Walsby, 1975; Ganf and Oliver, 1982; Humphries and Lyne, 1988) and less often than diel excursions (Zohary and Robarts, 1989; Tadonleke et al., 1998) . The quantification of the advantages of buoyancy regulation has been examined in theoretical models by Humphries and Lyne (Humphries and Lyne, 1988) and Reynolds (Reynolds, 1989) , but only recently for a field population and that, the brackish water cyanobacterium Aphanizomenom, in the Baltic Sea .
The potential gain to growth by buoyant A. circinalis may be greater than was witnessed in this study as weather conditions were not as calm, hot or windless as often occurs. Wind mixing is, however, lessened in the Darling River (compared with more open rivers) as high banks and large riparian trees shelter the water surface from wind effects. The sinuous nature of the river allows entire reaches to be sheltered from wind. Greater water column stability may allow Anabaena a greater potential to disentrain and maintain position in the surface waters. It may also facilitate the loss of negatively-buoyant phytoplankton competitors through sinking. Data from this study did not indicate that sinking loss was occurring. However, significant losses for diatoms and other phytoplankton in aquatic systems can occur (Reynolds, 1983; Gibson, 1984; Sherman et al., 1998) .
In a study to be reported elsewhere, Mitrovic et al. (Mitrovic et al., in preparation) strong and persistent stratification in the initiation of Anabaena blooms in the Darling River. Similar findings have been made for other rivers in Australia (Sherman et al., 1998) . Under these conditions, light may be more available for phytoplankton growth due to a reduction in turbidity (Donnelly et al., 1997) . However, this benefit is available to all phytoplankton able to access the euphotic zone. Although Anabaena growth rates reach maxima under high water temperatures (Robarts and Zohary, 1987; Reynolds, 1994) , this cyanobacterium can still be out-competed by other cyanobacterial and non-cyanobacterial phytoplankton under non-limiting nutrient conditions (Zevenboom and Mur, 1980; Reynolds, 1987; Blomqvist, et al., 1994) . The Darling River has high available phosphorus (Hart et al., 1995) and nitrogen (Mitrovic et al., in preparation) concentrations, and phytoplankton are only slightly nutrient limited (Grace et al., 1994) . Under this environment, dominance within the Darling River is maintained by chlorophytes and diatoms regardless of temperature, and Anabaena is usually undetected or at concentrations below 1000 cells ml -1 (Mitrovic and Gordon, 1998) . The only exception to this is during periods of strong and persistent thermal stratification (Mitrovic et al., in preparation) .
The occurrence of persistent stratification in the Darling River only during the hottest months, October to April (Mitrovic et al., in preparation) , coincides with the near maximum growth rates for cyanobacteria and lowered growth rates for many other phytoplankton (Robarts and Zohary, 1987) . Although the ability of Anabaena to disentrain and to spend longer in the euphotic zone appears to be the selective competitive advantage in this river, faster growth rates should benefit the transition into dominance. To conclude, it is suggested that when A. circinalis is able to disentrain in turbid freshwater rivers through buoyancy, it may offer considerable advantage (five times greater daily integral of photosynthesis in this study) over phytoplankton evenly distributed through the water column.
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